Large-scale optical quantum technologies require on-chip integration of singlephoton emitters with photonic integrated circuits. A promising solid-state platform to address this challenge is based on two-dimensional (2D) semiconductors, in particular tungsten diselenide (WSe 2 ), which host single-photon emitters that can be strainlocalized by transferring onto a structured substrate. However, waveguide-coupled single-photon emission from strain-induced quantum emitters in WSe 2 remains elusive.
Large-scale on-chip quantum technologies are crucial to realize the long-standing goals of quantum information processing, such as quantum computing based on cluster state generation, 1 quantum simulation, 2 and quantum communication. 3, 4 A promising route towards large-scale quantum information processing relies on single-photon qubits interconnected via photonic integrated circuits (PICs). 5 Single-photon emitter integration into PICs has been achieved by embedding quantum dots into III-V PIC platforms, [6] [7] [8] [9] with limited scalability due to their optical loss, large waveguide bend radius, and low fabrication yields. To utilize the scaling offered by PICs, pick-and-place techniques have been developed to integrate III-V semiconductor quantum dots 10-12 and diamond color centers 13 into silicon (Si) and silicon nitride (SiN) waveguide platforms. A drawback of this approach lies on the stringent requirements for emitter fabrication and precise pick-and-place of individual emitters, which drastically limit the scalability of this technology.
A promising candidate to overcome the current scalability limitations of quantum PICs is based on two-dimensional (2D) materials. 14, 15 In particular, transition metal dichalcogenides (TMDs) 16-21 may enable hundreds of single-photon emitters by a single pick-andplace transfer using localized strain. 22, 23 Efforts towards 2D TMD single-photon emitter integration into PICs included transfer of a tungsten diselenide (WSe 2 ) monolayer on the facet of a titanium-indiffused lithium niobate waveguide with a large mode size, 24 and transfer on top of a lossy plasmonic slot waveguide. 25 More scalable approaches include coupling of single-photons from a gallium selenide layered semiconductor into SiN waveguides, 26 pho-toluminescence from a WSe 2 monolayer into a SiN waveguide, 27 and emission from hexagonal boron nitride (hBN) into an aluminum nitride waveguide. 28 However, to prove the scaling prospects of this technology for on-chip quantum information processing, strain-localization of emitters and single-photon transmission through PIC waveguides is required, and still remains elusive.
Here, we use a Si 3 N 4 PIC waveguide to simultaneously strain-localize single-photon emitters in a WSe 2 monolayer and to couple and transmit the emitted single-photons. Our results show the potential of combining 2D semiconductors with PICs towards large-scale quantum technologies. Fig. 1d gives an overview of the whole structure, with cleaved facets and an exfoliated WSe 2 monolayer (1L) placed on top of the waveguide using a dry-transfer method 29 (see Fig. 1e and Supplementary). Figure 1f shows photoluminescence from emitters in the sample under de-focused excitation, recorded using a CCD camera with a 700 nm long pass filter to remove backscattered laser light. The measurements were performed with a modular setup consistent of a closed-cycle cryostat at 6 K where the sample was placed on a piezoelectric movable stage, a spectrometer, and a Hanbury Brown and Twiss (HBT) second-order correlation measurement setup, as shown in Fig. 2a . A more detailed explanation of the setup is given in the Supplementary. The emitters in the monolayer were excited from the top through a microscope objective with a red pulsed laser (638 nm) with variable repetition rate of 5-80 MHz. In line with reported strain-localization of single-photon emitters , 22,23 we observe two lines of localized emitters along the waveguide edges. Since the flake remains continuous across the waveguide and shows no signs of rupturing or wrinkling, we expect that waveguide roughness along the edges is responsible for creating local strain potentials that localize the emission. By focusing the excitation laser onto the sample and using a confocal microscopy setup, we recorded the photoluminescence spectra of single emitters. Figure 2b shows the spectrum of the emitter marked in Fig. 1f collected out of plane of the waveguide through the objective (top detection). Figure 2c and d show the spectra of the same emitter collected through the two waveguide output ports. The line at 770 nm of this emitter is used for all further measurements. A common signature of a two-level system is saturation of the emission intensity with increasing excitation power, shown in Fig. 3a in a double-logarithmic plot.
Fitting the data as described in the Supplementary, we extracted a saturation power of 414 ± 48 nW. All further measurements were performed with an excitation power of 1.4 µW, located at the start of the saturation plateau for a best trade-off between signal-to-noise ratio of emission peak and background and high emission intensity.
To confirm single-photon emission, we performed a second-order autocorrelation measurement on the emitted signal of the line at 770 nm, filtered by two overlapping tunable bandpass filters (bandwidth 20 nm), using a fiber-based Hanbury Brown and Twiss setup.
The detection events were time tagged and the correlation data was analyzed using ETA software 30 with a binning of 2048 ps.
Although the emitters were excited with a 80 MHzrepetition rate pulsed laser, our secondorder autocorrelation measurement, shown in Fig. 3b , resembles a measurement under a continuous-wave laser excitation. We investigated this by measuring the emission lifetime with a lower laser repetition rate of 5 MHz (see Supplementary) . Fitting the data with a double-exponential decay, we extracted a lifetime of 18.3 ± 1 ns, which is significantly longer then the separation of two consecutive excitation pulses of 12.5 ns, corresponding to a repetition rate of 80 MHz. This in turns leads to a strong overlap between neighboring peaks in the histogram, which can not be distinguished from the noise on the poisson level.
Our simulation results (see Supplementary) suggest that under this circumstance, the pulsed second-order autocorrelation measurement can be treated like a continuou-wave measurement. Fitting the data with the formula given in the Supplementary yields a g (2) (0) of 0.168 ± 0.048, well below 0.5 (see Fig. 3b ), which demonstrates the single-photon nature of the light emission from our 2D emitter. The extracted width of the dip is 6.69±0.56 ns. This value deviates from the measured lifetime using lower repetition rates. This can be explained by the high excitation power. The second-order correlation function can be described by g (2) 31 with the emitter lifetime τ l and the pump rate into the excited state W p . This leads to a narrowing of the dip for high excitation powers, which was the case in our measurement (1.4 µW = 4.4 P sat ).
Additionally, we measured the second-order autocorrelation with a repetition rate of 10 MHz shown in Fig. 3c . For pulsed measurements, the second-order coherence g (2) (0) is given by the ratio of summed up coincidences in the center peak and average number of coincidences in the side peaks. Since the peaks still overlap in time, well-defined time windows to sum up the coincidences cannot be given. Thus, we analyzed the data following the procedure described in, 32 yielding to g (2) (0) of 0.242 ± 0.013.
Next, we investigated waveguide coupling of single-photon emission from 2D WSe 2 emitters. We simulate the coupling efficiency from the emitter, approximated by a dipole, into the waveguide modes (see Supplementary) . By varying dipole orientation and positions along the top edge of the waveguide we calculated the dipole emission into the fundamental quasi-TE and quasi-TM waveguide modes. The unidirectional coupling efficiency to the fundamen- tal modes when the dipole is located at the edge of the waveguide is, on average, 0.32 %, 0.34 % to the TE00 and TM00 mode, respectively. The coupling efficiency for all four supported modes in one direction is 3.3 %. We collect this waveguide-coupled quantum emitter emission out of the waveguide using a lensed single-mode fiber mounted on an adjacent, independently movable piezoelectric stage. For all waveguide coupled measurements, the fiber was coupled to output 1, marked in Fig. 1a . We performed a second-order autocorrelation measurement through the waveguide, shown in Fig. 3d yielding g (2) (0) = 0.150 ± 0.093. This value shows no degradation with respect to the free-space g (2) (0) value, and demonstrates strain-localized single-photon emission into a waveguide.
Although convenient to localize single emitters using local strain gradients, the emitter at the edge of the waveguide does not yield the best possible coupling efficiency to TE00 and TM00 mode (See simulations in the Supplementary). Thus, for our experiment it was beneficial to have slightly wider waveguides, supporting additional modes with higher field overlap at the edges of the waveguide. Ideally one then would need to adiabatically transfer the field into the fundamental mode within the waveguide, ensuring efficient fiber coupling.
Another approach would be localizing the emitter at the center of the waveguide. For this geometry our simulations predict an average directional coupling efficiency of 2.48 % and 3.01 % in the TE00 and TM00 modes. Whereas an encapsulation of the emitter in the center of our waveguide structure with perfectly aligned dipole would result in 22 % directional coupling efficiency (only TE00). The compatibility between localization scheme and optimal PIC geometry demands non-trivial solutions, which up to now are the standing challenge hindering efficient coupling. A solution may involve inducing emitters with a helium focused ion beam, 33 or point-localizing emitters using the strain arising from pillars, gaps and terminations along waveguides. Alternative methods might be dielectric screening or Moiré trapped excitons. Dielectric screening has been shown to modulate TMDs bandgap locally with the same order of magnitude as local strain but its ability to localize emitters is still to be realized. 34 Moiré trapped excitons appear in twisted multi-layer systems, and may provide a controllable route for emitter localization. [35] [36] [37] [38] Another pathway for efficient integration is coupling the emitter into a stationary cavity mode which leaks into a propagating waveguide mode. The emitter-cavity interaction results in decreased lifetime, instrumental in the presence of fast decay mechanisms, improving the brightness and the generation of indistinguishable photons. Therefore a path towards quantum PIC can take many forms where a single TMD monolayer generates many emitters, overcoming the current bottlenecks of single emitter pick-and-place methods. This can potentially be further scaled up into foundry production by full-wafer transfer with monolayers obtained by chemical vapour deposition. 39 Fluctuations in the electrostatic and strain environment of individual single-photon emitters makes emitted photons spectrally differ, yielding them distinguishable and hampering quantum interference. To address this issue, spectral tuning is required, and has been demonstrated using the strain induced by piezoelectric 40, 41 and capacitive 42 actuators, or by electric field tuning using the Stark effect. 43 Coupled quantum emitters are a critical part of the PIC toolbox, which also comprises on-chip excitation, filtering, 44, 45 reconfiguration, 46 and detection, 47 thus the presented 2D emitters have a road ahead of showcasing its compatibility with other building blocks towards a large-scale quantum PIC.
Quantum photonic integrated circuits provide a scalable and cost-efficient route to increasingly complex quantum systems, and constitute an enabling platform to implement applications of the quantum technologies. We have developed a hybrid deterministic integration method of single-photon emitters in 2D materials into silicon-based photonic circuits by exploiting the creation of strain-localized quantum emitters at the edges of a photonic waveguide. Our proof-of-principle structure maintains a single-photon purity of 0.150±0.093. 
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